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Quantum registers that combine the attractive properties of different types of qubits are useful for
many different applications. They also pose a number of challenges, often associated with the large
differences in coupling strengths between the different types of qubits. One example is the non-
resonant effect that alternating electromagnetic fields have on the transitions of qubits that are not
targeted by the specific gate operation. The example being studied here is known as Bloch-Siegert
shift. Unless these shifts are accounted for and, if possible, compensated, they can completely
destroy the information contained in the quantum register. Here we study this effect quantitatively
in the important example of the nitrogen vacancy (NV) center in diamond and demonstrate how it
can be eliminated.
PACS numbers: 03.67.Pp,03.67.Lx
I. INTRODUCTION
Storage and processing of information in quantum me-
chanical systems, known as quantum information pro-
cessing [1, 2], has an enormous potential for many appli-
cations where classical systems can not provide sufficient
computational power. The realization of this potential
relies, amongst others, on the capability to selectively
apply gate operations to specific quantum bits (qubits),
without perturbing the other qubits present in the sys-
tem. In most systems that are currently being studied
for this type of applications, the selection of the qubits
is performed in frequency space: An alternating electric
or magnetic field whose frequency is tuned to the tran-
sition frequency of the targeted qubit drives the target
qubit in a way that can be well described by a rotation
on the Bloch sphere. This type of resonant excitation
works well for many different systems, such as electronic
and nuclear spins, trapped atomic ions or neutral atoms,
but also engineered systems like superconducting circuits
[3].
The required selectivity of this frequency-domain ad-
dressing scheme is typically assumed to work well if the
Rabi frequency of the driving field is small compared to
the frequency difference between the qubits. As an ex-
ample, if two qubits have transition frequencies ΩA and
ΩB , the Rabi frequency ω1 should fulfill the condition
|ω1|  |ΩA − ΩB | - a condition that can often be ful-
filled.
The situation becomes more complicated in systems
where the coupling strength between the qubits and
the resonant field differs strongly between the different
qubits. A particularly important type of such hybrid
quantum registers are systems that consist of electronic
and nuclear spins. The coupling strength between a spin
and a magnetic field is quantified by the gyromagnetic
ratio γ: ω1 = γB1, where B1 is the amplitude of the
AC magnetic field. If an alternating magnetic field is
used to drive the nuclear spin, the nuclear spin Rabi fre-
quency is ω1n = γnB1. The same field interacts also
with the electron spin, and the corresponding Rabi fre-
quency is ω1e = |γe|B1, where γe = −28 GHz/T is the
electronic gyromagnetic ratio, which is some three or-
ders of magnitude larger than γn. In most cases, the
condition |ω1e|  |Ωe − Ωn| ≈ |Ωe| is still well fulfilled
and accordingly the resonant excitation of the electron
spin is negligibly small. However, since the nuclear spin
responds only slowly to the driving field, the gate oper-
ation is also several orders of magnitude longer than the
electron spin operations. For such long pulse durations,
also non-resonant effects can become relevant, in partic-
ular the Bloch-Siegert (BS) shift [4–6]: This effect can be
described by an effective Hamiltonian for the transition
where it is observed:
1
2pi
HBS = ωBS σz
2
, (1)
where σz denotes the z-component of the Pauli matrix.
The frequency shift
ωBS =
ω21
2ω0
(2)
is given by the square of the Rabi frequency ω1, divided
by twice the transition frequency ω0. It can be calcu-
lated by the Floquet formalism [5], with a dressed atom
model [7] or a unitary approach [8]. Here ω0 denotes
the transition frequency of the electron spin. The effect
has been observed, e.g. in pulsed ENDOR [9], circuit
quantum electrodynamics systems [10–12], and Rydberg
atoms [13].
Clearly, this effect becomes large when strong pulses are
used, such as in the ultra-strong coupling regime [14–
22]. In the case of high-fidelity quantum control, the
effects are smaller but no less relevant, since they may
significantly degrade the fidelity of the operations [23,
24]. Here, we investigate the BS effects that RF pulses
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FIG. 1: (color online). Energy diagram of the NV center
coupled with 14N spin. The four basis states marked by red
horizontal lines form a 2-qubit system. The vertical arrows in-
dicate the allowed ESR and NMR transitions. The transition
frequencies are indicated next to the arrows.
have on the electron spin of a nitrogen vacancy (NV)
center in diamond.
II. SYSTEM AND EXPERIMENTAL
PROTOCOL
We demonstrate the issue for the example of a system
consisting of the electron and 14N nuclear spins in a sin-
gle NV center , subjected to a magnetic field B oriented
along its symmetry axis. The Hamiltonian for this sys-
tem can be written as [25, 26]
1
2pi
H = DS2z − γeBSz + PI2z − γnBIz +ASzIz. (3)
Here Sz and Iz are the z-components of the spin-1
operators for electronic and nuclear spins, respectively.
The zero-field splitting is D = 2.87 GHz, the nuclear
quadrupolar splitting P = −4.95 MHz, the hyperfine
coupling A = −2.16 MHz [25, 27, 28] and the nuclear
gyromagnetic ratio γn = 3.1 MHz/T. In the experiments,
the static field strength is about 15 mT, which results in
a separation of the two electron spin resonance (ESR)
transitions by about 840 MHz.
Figure 1 shows the corresponding energy level scheme,
focusing on the case where we excite the mS = 0 ↔
−1 transitions of the electron spin. The ESR transition
frequency was νe1 = 2438.739 MHz, the NMR transition
frequencies were νn1 = 4.990, ν
n
2 = 2.828, ν
n
3 = 7.066, and
νn4 = 4.898 MHz, and the nuclear spin Rabi frequencies
were 10.7, 6.0, 6.3, and 10.4 kHz at an RF power of p0≈
80 mW. As a minimal system for the purpose of this
demonstration, we focus on the four levels marked by
thick red lines, which form a 2-qubit system.
Figure 2 shows the spectra of the ESR transitions be-
tween the states with ms = 0 and −1, obtained in a
Ramsey-type free-induction decay (FID) experiment, us-
ing resonant microwave (MW) pulses with Rabi frequen-
cies of about 10 MHz for excitation and detection.
Frequency (MHz)
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FIG. 2: (color online). Spectrum of the ESR transitions be-
tween the states with ms = 0 and −1, obtained as Fourier-
transform of the time-domain signals. The origin of the fre-
quency axes is set to D − |γe|B, measured as 2438.739 MHz.
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FIG. 3: (color online). Pulse sequence. The laser pulses
(λ = 532 nm) are used for initialization and detection of the
electron spin. The MW pulses are resonant with the transition
|0〉e|0〉n ↔ | − 1〉e|0〉n. In the initialization and detection
steps, they are either transition-selective or hard pulses with
Rabi frequency of about 0.30 MHz or 12 MHz, respectively.
The flip angles are pi/2, with the phase indicated by the index.
During the gate, the MW pulses are hard pulses with Rabi
frequency about 12 MHz. The frequencies of the RF pulses
are indicated in the rectangles.
Figure 3 shows the pulse sequence used to demonstrate
the effect and its compensation. During the initializa-
tion, we use a laser pulse to bring the electron spin to
the ms = 0 state, and then a MW pulse with a pi/2 flip
angle to generate coherence between the ms = 0 and −1
states. This coherence allows us to observe the effect of
the BS shift, which is generated by the radio frequency
(RF) pulses during the period marked as “gate” in figure
3. These RF pulses are required to drive gate operations
on the 14N nuclear spin. The color (blue, yellow) of the
pulses and the frequency labels (ν, ν′) of the pulses in-
dicate, with which transition they are resonant. During
the gaps in the RF pulses, we apply dynamical decou-
pling (DD) pulses to the electron spin, to refocus un-
wanted dephasing of the electron spin coherence. During
3the detection period, the MW pulse transforms the co-
herence to spin population and the laser pulse reads out
the population of the mS = 0 state P|0〉.
III. MEASUREMENT OF THE FREQUENCY
SHIFT
The applied RF field is oriented at an arbitrary direc-
tion with respect to the coordinate system of the NV
center and has therefore components parallel as well as
perpendicular to the NV-axis. The parallel component,
which corresponds to the z-component in the conven-
tional choice of coordinate system, leads to oscillations
with the frequency of the RF field [29]. Here, we focus on
the transverse components, which generate the BS-shift.
To quantitate the observed effect and verify the inter-
pretation as a BS shift, we measured the dependence of
the shift on the the RF-amplitude. For this purpose, we
applied RF pulses only before the first and after the sec-
ond DD pulse. In the initialization and detection steps,
we used transition selective MW pulses with the carrier
frequency set to the transition |0〉e|0〉n ↔ | − 1〉e|0〉n.
The pi/2 MW pulse in the initialization step generates a
superposition of the electron spin
|s0〉 = (|0〉 − i|1〉)/
√
2. (4)
The z -rotation by the Hamiltonian (1) in the gate step
UBS(t) = e
−i2piωBStσz/4, (5)
turns |s0〉 into
|s(t)〉 = (|0〉e−i2piωBSt/4 − i|1〉ei2piωBSt/4)/
√
2. (6)
During the detection step, the second pi/2 MW pulse
transforms |s(t)〉 to the final state
|sf (t)〉 = |0〉 cos(2piωBS t
4
) + |1〉 sin(2piωBS t
4
), (7)
where the population P|0〉 of |0〉 encodes the BS shift.
Figure 4 shows the experimental results. for RF pow-
ers from zero to 80 mW. In the absence of an RF field,
the electron spin coherence decays exponentially and we
could fit the experimental data with the function
P|0〉 = a1 + b1e−(t/T2)
k
, (8)
and obtained T2 = 1.3 ms and k = 1.2.
To test the effect of the RF field, we first set the fre-
quency far from the nuclear spin transitions and applied
RF power during the first and third period of the gate
(blue pulses in Fig. 3). The top three traces of Fig-
ure 4 show the resulting signals from the electron spin,
measured with an RF frequency of ν = 6 MHz and RF
powers of p0 = 80 mW, p0/2, and p0/4. The data can be
fitted as
P|0〉 = a2 + b2 cos(2pi
ωBS
2
t)e−(t/T2). (9)
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FIG. 4: (color online). Experimental results for the depen-
dence of the BS shift on the amplitude B1 of the RF pulses.
The RF frequency was 6 MHz and the RF power was p0, p0/2,
and p0/4 and 0. The horizontal scale bar in the panel for RF
power p0 indicates the duration of the pi pulse for the
14N
spin when the RF frequency is resonant with the transition
at 4.990 MHz. The experimental data are shown as empty
circles. The fit to the data, shown as the solid curves, gave
the frequencies ωBS = 21.72, 11.18 and 5.66 kHz. The bot-
tom figure shows the dependence of ωBS on the RF power,
with the measured data as empty circles, and a linear fit to
the data.
The resulting fit parameters are ωBS = 21.72, 11.18 and
5.66 kHz for decreasing power. The bottom trace of figure
4 shows the dependence of the measured frequency on the
RF power. According to Eq. (2), the dependence should
be linear (quadratic in B1), which is well borne out by
the experimental data.
In the second set of experiments, we fixed the power of
the RF pulses to p0 and varied the frequency from 6.5
MHz to 7 and 7.5 MHz. By fitting the data using function
(9), with different constant a2 and b2, we obtained the
oscillation frequency as ωBS = 21.34, 20.88 and 20.90
kHz, as illustrated in Figure 5. Within the experimental
uncertainty, the oscillation frequency does not depend on
the RF frequency, as shown in the bottom part of Figure
5. This result is also consistent with the prediction of
Eq. (2).
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FIG. 5: (color online). Measurement of the BS shift as a func-
tion on the frequency of the RF pulses, obtained with the first
and third RF pulses at power p0. The experimental data are
shown as circles and the RF frequencies are indicated in the
panels. By fitting the data, shown as the solid curves, we
obtained the BS shift indicated in the panel. In the bottom
figure, we show the measured BS shift by the empty circles
for RF frequencies 6.5, 7, and 7.5 MHz. The solid line shows
the average, and the error bar shows the standard deviation.
Since the RF power was not constant as a function of fre-
quency, we normalized the shift observed at 4.99 MHz to the
same RF power as the others.
For the case that the RF pulses are resonant with the
NMR transitions, they affect the nuclear as well as the
electronic spin. In order to eliminate this effect and ob-
serve only the BS shift, we use hard pulses in the initial-
ization and detection steps. In this case, we can neglect
the small polarization of the nuclear spin, shown as the
small difference in the peak amplitudes of Figure 2. We
applied RF pulses with frequency ν = νn1 = 4.990 MHz.
The results are shown in Figure 5. By fitting the data
using the function in Eq. (9), we obtained ωBS = 27.09
kHz. The deviation from the results in the off-resonant
case can be mainly attributed to the difference of the
powers. We therefore normalized the measured ωBS to
the applied power; the result is shown in the bottom part
of Figure 5. It is close to the average value measured in
the off-resonant case.
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FIG. 6: (color online). Cancellation of the BS shift by DD
pulses, indicated by the grey narrow rectangles. The experi-
mental data are indicated by the empty circles, and the fits
with Eq. (8) by solid curves. (a) Without RF: no shift, decay
of the coherence with T2 = 1.3 ms and k = 1.2. (b) All the
RF pulses in the sequence are switched on and have the same
frequency (6 MHz) and power p0. The experimental data can
be fitted with T2 = 1.2 ms and k = 1.1.
IV. COMPENSATION
Since the BS shift corresponds to a quasi-static shift of
the resonance frequency, it can be eliminated by applying
refocusing pulses, provided it is constant for the whole
period. For this demonstration, we use a very simple
DD sequence consisting of one pix and one piy pulse, as
shown in Fig. 3. The total phase generated by the RF
pulses, which are applied only between the DD pulses, is
then φBS = φ1 − φ2 + φ3, where the three terms denote
the phase acquired before the first, between the two and
after the second DD pulse. If the RF power is constant
and the relative pulse durations are 1:2:1, the total phase
vanishes, φBS = 0.
In Figure 6, we illustrate the experimental results in the
case of off-resonant RF pulses with power p0 and fre-
quency ν
′
= ν = 6 MHz, and compare it to the case
without RF. In both cases, we observe no oscillations, in-
dicating that the phases generated by the different pulses
cancel each other completely. We can use function (8)
to fit the non-oscillatory data, and obtained the fitted
T2 = 1.2 and 1.3 ms for data with and without RF pulses.
The similarity between the results with and without RF
pulses shows the good cancellation of the BS shift, con-
sistent with the prediction in previous work [29].
V. DISCUSSION
Since the BS shift is sensitive to the RF power but in-
dependent of the RF frequency, it might be a valuable
resource to measure or calibrate the RF power using the
electron spin as a probe. One potential application could
be for estimating the perpendicular component A⊥ of the
hyperfine coupling from 14N in the NV center system. In
5principle, one can extract A⊥ from the measured Rabi
frequencies of 14N, using the different enhancement for
different states of the 14N [30]. However this strategy
requires that the response of the electronics to a change
of the RF frequency is known precisely. Although this
response can be partially corrected by measuring the RF
power, the deviation is still not small enough, shown as
the data in the bottom plot in Figure 5.
In order to normalize the RF power for measuring Rabi
frequencies of 14N, we can set an offset, e.g., 0.5 MHz
from the concerned NMR transition, noting that the RF
power in such a range can be treated as a constant, shown
as the experimental data in the bottom plot in Figure 5.
Since the maximal Rabi frequencies are about 10 kHz in
our experiment, the offset of 0.5 MHz is large enough
to avoid the resonance effect from the NMR transition.
Therefore we can normalize the RF power by measuring
the BS effect using the protocol proposed in the current
paper. Then we can extract A⊥ from the corrected Rabi
frequencies.
VI. CONCLUSION
In conclusion, we have demonstrated that AC magnetic
fields that are used to drive the nuclear spins in a hybrid
quantum register can have a large effect on the electronic
spin although their frequency is very far from their reso-
nance frequencies. The main effect is a phase shift, which
can easily exceed 2pi and therefore completely scram-
ble the quantum information stored in the electron spin
qubit, unless measures are taken to eliminate its effect.
The purpose of this work was to quantitatively measure
the effect and test schemes for compensation. We have
analyzed the dependence of the BS shift on the power and
frequency of the RF pulses and demonstrated that spin
echoes can refocus the BS effect with excellent precision.
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